The Duffy antigen receptor for chemokines (DARC) belongs to a family of 'silent' heptahelical chemokine receptors that do not couple to G proteins and fail to transmit measurable intracellular signals. DARC binds most inflammatory chemokines and is prominently expressed on venular endothelial cells, where its function has remained contentious. Here we show that DARC, like other silent receptors, internalized chemokines but did not effectively scavenge them. Instead, DARC mediated chemokine transcytosis, which led to apical retention of intact chemokines and more leukocyte migration across monolayers expressing DARC. Mice overexpressing DARC on blood vessel endothelium had enhanced chemokine-induced leukocyte extravasation and contact-hypersensitivity reactions. Thus, interactions of chemokines with DARC support their activity on apposing leukocytes in vitro and in vivo.
The Duffy antigen receptor for chemokines (DARC) belongs to a family of 'silent' heptahelical chemokine receptors that do not couple to G proteins and fail to transmit measurable intracellular signals. DARC binds most inflammatory chemokines and is prominently expressed on venular endothelial cells, where its function has remained contentious. Here we show that DARC, like other silent receptors, internalized chemokines but did not effectively scavenge them. Instead, DARC mediated chemokine transcytosis, which led to apical retention of intact chemokines and more leukocyte migration across monolayers expressing DARC. Mice overexpressing DARC on blood vessel endothelium had enhanced chemokine-induced leukocyte extravasation and contact-hypersensitivity reactions. Thus, interactions of chemokines with DARC support their activity on apposing leukocytes in vitro and in vivo.
Chemokine-induced egress of leukocytes from the circulation is a fundamental component of inflammation. Similar to directed in vitro leukocyte migration, leukocyte egress is induced by chemokine signaling through G protein-coupled receptors 1 . However, in vitro chemotaxis does not replicate the intricacies of leukocyte emigration that entails multiple molecular contacts between the adhesion molecules on leukocytes and endothelial cells 2 . In addition, to induce leukocyte emigration, chemokines themselves must engage in complex interactions with endothelial cells. These include the immobilization of chemokines on the luminal surface 3, 4 and, for tissue-derived chemokines, their transcytosis from the abluminal (basal) side to the luminal side of endothelium 4 . Glycosaminoglycans (GAGs), heparan sulfate in particular, avidly bind chemokines 5, 6 and are abundant on the luminal endothelial cell surface 6, 7 . There, GAGs immobilize chemokines and support their pro-emigratory activities 4, 8, 9 . Furthermore, in vitro chemokine transcytosis is diminished in endothelial cells that lack heparan sulfate 9 . However, several studies have postulated that another molecule, the Duffy antigen receptor for chemokines (DARC), mediates the interactions of chemokines with endothelial cells 4, [10] [11] [12] [13] . In addition to erythrocytes, venular endothelial cells selectively express DARC 14 . The unique chemokine specificity of DARC, which binds both CC and CXC inflammatory chemokines 15 , is identical to the profile of the in situ binding of chemokines to venular endothelium in human skin 10 . Because DARC lacks completely the Asp-Arg-Tyr consensus motif in its second cytoplasmic loop, it cannot couple to G proteins and subsequent signaling pathways 16 . On the basis of that feature, DARC is grouped with two other heptahelical molecules, D6 and CCX-CKR, to form a family of atypical 'silent' chemokine receptors 17, 18 . Both D6 and CCX-CKR have been shown to act as chemokine 'decoy receptors'; they bind and internalize inflammatory and homeostatic CC chemokines, respectively, and target them into lysosomes for their efficient degradation [19] [20] [21] . Consequently, lack of D6 expression in vivo results in enhanced chemokine-mediated responses in experimental inflammation and carcinogenesis [22] [23] [24] . It has been widely assumed that DARC expressed by endothelial cells may also function as a chemokine 'decoy receptor' mainly by analogy with D6 and CCX-CKR, as well as on the basis of findings showing a 'sink function' for DARC on erythrocytes 25 , exaggerated responses to lipopolysaccharide in DARC-deficient mice 26 and diminished chemokine-induced angiogenesis in DARC-transgenic mice 27 . Here we set out to determine unequivocally if DARC expressed by endothelial cells diminishes or sustains chemokine availability and function in vitro and in vivo. For this, we used DARC-transfected cells to ascertain its function in the binding, internalization, scavenging and transcytosis of cognate chemokines. We studied the contribution of DARC expressed by endothelial cells to leukocyte emigration in vivo in DARC-transgenic (mDARCtg) mice, which overexpress DARC on their endothelial cells 27 . Our results show that unlike other known silent chemokine receptors, DARC did not act as a decoy but instead supported chemokine activity and was required for optimal chemokine-induced leukocyte migration in vitro and in vivo. © 2008 Nature Publishing Group http://www.nature.com/natureimmunology
RESULTS

Ultrastructural localization of DARC in skin venules
Inflammatory chemokines injected into skin are transported across the endothelium 4 . Immunoelectron microscopy studies have shown that chemokines bind to endothelial cells abluminally, appear in the cytoplasm in plasmalemmal and large electron-lucent vesicles and become immobilized on the luminal endothelial cell membrane 4 . We used this experimental setup to study the ultrastructural localization of DARC in endothelial cells after ex vivo injection of cognate chemokine into human skin. DARC immunoreactivity was located together with injected chemokine in venular endothelial cells on the abluminal membrane, in the intracellular plasmalemmal and large electron-lucent vesicles as well as on the luminal cell membrane (Fig. 1) . These data suggest that DARC may contribute to the binding, internalization and transport of chemokines by endothelial cells.
Subcellular distribution of DARC in transfected cells
To study the potential function of DARC in chemokine binding and internalization, we turned next to in vitro assay systems. Because neither the primary nucleated cells nor the transformed cells available to us expressed DARC (data not shown), we transfected Madin-Darby canine kidney (MDCK) cells with pcDNA3.1 vector encoding DARC (MDCK-DARC cells) or empty vector (MDCK-mock cells). We used MDCK-DARC cells grown on Transwell filters to investigate the subcellular localization of DARC with and without stimulation by cognate chemokines. As shown by confocal microscopy and immunoelectron microscopy, DARC immunoreactivity was evenly distributed between the apical and basolateral cell surfaces of unstimulated MDCK-DARC cells ( Fig. 2a and Supplementary Fig. 1a and Table 1 online). The addition of a cognate chemokine CCL2 to the basolateral side of monolayers resulted in the redistribution of DARC immunoreactivity into the cytoplasm (Fig. 2b and Supplementary  Table 1) , where it localized together with CCL2 and caveolin in intracellular vesicles ( Supplementary Fig. 2a ,b online). Over time, DARC accumulated on the apical side of the cells (Fig. 2c and Supplementary Table 1 ) and was associated mainly with the microvillus membrane extensions (Fig. 2d) , where it localized together with CCL2 (Fig. 2e) . After a recovery period of 16 h, DARC reappeared on the basal surface (data not shown). The observed chemokine-induced redistribution of DARC from the basolateral membrane through an intracellular vesicular compartment onto the apical membrane is consistent with its putative function in chemokine transcytosis. The following experiments addressed this possibility directly.
DARC-mediated chemokine transport across cell monolayers
We used radioiodinated chemokines to study the influence of DARC expression on their ability to pervade monolayers of MDCK cells grown on Transwell inserts. First, we added 125 I-labeled CCL2 below the Transwell filters to the basolateral side of MDCK-DARC cells and, for comparison, monolayers of MDCK-mock cells. After incubation, we measured the radioactivity above the filters in the following distinct compartments: intracellular; immobilized on the apical cell surface; and in the fluid in the top compartment. Furthermore, trichloroacetic acid (TCA) precipitation of these fractions allowed to distinguish between intact chemokines (TCA precipitable) and degraded chemokines (TCA soluble). © 2008 Nature Publishing Group http://www.nature.com/natureimmunology The expression of DARC by MDCK cells resulted in significantly more chemokine transcytosis across the monolayers at both early and late time points (Fig. 3a) . A substantial portion of the transported chemokine cargo remained associated with the apical membrane of MDCK-DARC cells. Gel autoradiography confirmed that 125 I-labeled CCL2 in the MDCK-DARC cells and on their apical membrane was the full-length intact chemokine (Fig. 3b) . When we applied 125 I-labeled CCL2 above the MDCK-DARC monolayers, it bound efficiently onto the apical surface and was internalized in part (Fig. 3c) . However, neither the bound chemokine fraction nor the internalized one increased with time. Also, we found no contribution of DARC expression to transport in the apical-to-basolateral direction (Fig. 3d) . The 'architecture' of the Transwell setup did not influence the direction of chemokine transport. The transport of 125 I-labeled CCL2 also took place in the basolateral-to-apical direction but not vice versa when MDCK-DARC monolayers were grown on the bottom side of the filters (data not shown).
The data describing the transport of 125 I-labeled CCL2 were closely recapitulated with another DARC ligand, CXCL8 (data not shown). In contrast, a noncognate chemokine, CCL19, did not bind specifically to MDCK-DARC cells and was neither internalized nor transported ( Supplementary Fig. 3a online) . The simultaneous addition of CCL2 did not induce any change in the uptake or transport of 125 I-labeled CCL19 ( Supplementary Fig. 3b ). These findings support the idea that DARC is directly involved in the process of chemokine transcytosis rather than triggering nonspecific uptake and transport by MDCK-DARC cells.
To evaluate the potential contribution of DARC to chemokine degradation, we measured the TCA-soluble fraction of radioactivity after incubating 125 I-labeled CCL2 with MDCK-DARC cells and, for comparison, MDCK cells transfected with D6. When 125 I-labeled CCL2 was placed below the monolayer, only a negligible portion of it was degraded in the process of transcytosis by MDCK-DARC cells (Fig. 4a) . Degradation was more apparent when the chemokine was placed above the MDCK-DARC monolayers (Fig. 4b) ; nevertheless, it remained a small fraction of that obtained with MDCK cells transfected with D6.
We also found DARC-mediated chemokine transport in another nucleated cell type, DARC-transfected immortalized human umbilical vein endothelial cells (HUVEC-DARC). HUVEC-DARC monolayers internalized and transported intact 125 I-labeled CCL2 from the basolateral to the apical side and, notably, unlike their mock-transfected counterparts, retained most of the chemokine cargo on their apical surface (Fig. 5a ). Chemokine applied to the apical surface of these cells bound readily and a small part of it was internalized ( Fig. 5b) but was not transported in basolateral direction (Fig. 5c ).
Contribution of DARC to monocyte transmigration
To determine whether the DARC-mediated chemokine transport affected leukocyte transmigration across the monolayers, we used the following Transwell setup. We added either buffer or CCL2 to the bottom wells and, 1 h later, placed monocytes labeled with the cytosolic dye CFSE above the mock-or DARC-transfected monolayers and then allowed the cells to migrate for 4 h. We counted transmigrated monocytes in the following compartments: adherent to the bottom plate, in suspension in the bottom well, and adherent to the bottom side of the filters (Fig. 6 ). Relative to control, CCL2 induced the transmigration of monocytes across both MDCK-mock and MDCK-DARC monolayers with significantly more monocyte transmigration across MDCK-DARC cells (Fig. 6a) . No monocyte transmigration was induced when CCL2 was added above the monolayers regardless of whether the MDCK cells expressed DARC or not (data not shown).
In vivo, in the process of chemokine-induced leukocyte emigration, the flow of blood removes chemokines that are not anchored to the luminal endothelial cell surface 3 . In contrast, in a static in vitro Transwell system, nonimmobilized soluble chemokines may also influence leukocyte migration and obscure the contribution of chemokine presentation. To address that issue, in a separate set of experiments we assembled the Transwell systems as described above but repeatedly exchanged the fluid in the upper compartment during the incubation. We did this to remove the soluble CCL2 and to replace nonadherent monocytes, thus mimicking in vitro, in admittedly a rather rudimentary way, the conditions of blood flow. This 'purely manual flow chamber' (PMFC) allowed us to identify the functional contribution of chemokine immobilization by DARC to leukocyte transmigration. The difference in transmigration across MDCK-DARC cells versus MDCK-mock cells was greater in the PMFC conditions (Fig. 6a) . In three independent experiments with cells from different donors in standard Transwell assays, on average 1.6-fold more monocytes migrated across the monolayers expressing DARC, whereas in the PMFC, this difference was on average 4.3-fold (standard deviation, 0.9 and 1.1, respectively). We also confirmed the consequences of chemokine interactions with DARC for monocyte transmigration using HUVEC-DARC monolayers. The expression of DARC on HUVECs significantly enhanced the transmigration of monocytes (Fig. 6b) . Notably, most migrated monocytes remained attached to the bottom side of the Transwell filters. The cells in this compartment would not have been accounted for in a traditional Transwell procedure, in which only the cells in suspension are evaluated.
The enhanced monocyte transmigration across DARC-transfected cells was not due to greater monolayer permeability, which putatively may be induced by either DARC expression or CCL2 signaling. As shown by diffusion of the tracer inulin across the monolayers as well as by their electrical resistance, the DARC-transfected monolayers were at least as tight as their mock-transfected counterparts in the presence or absence of CCL2 ( Supplementary Fig. 4 online) . Thus, DARC facilitates leukocyte transmigration across the monolayers expressing it and supports in vitro chemokine activity.
Neutrophil emigration in mDARCtg and wild-type mice Next we compared neutrophil emigration in response to intraperitoneal and intradermal injection of the DARC ligand mouse CXCL1 (also called KC) in wild-type mice and in mDARCtg mice, which (as noted above) overexpress DARC on endothelial cells 27 . We chose this chemokine because it attracts neutrophils that are normally mostly absent from the peritoneal cavity and skin. Intraperitoneal and intradermal injection of CXCL1 resulted in the recruitment of significantly more neutrophils in mDARCtg mice than in their wild-type counterparts (Fig. 7) . Thus, overexpression of DARC on endothelial cells leads to enhanced in vivo pro-emigratory activity of chemokines.
Contact hypersensitivity in mDARCtg and wild-type mice
To study the contribution of DARC on endothelial cells to leukocyte emigration in the more complex disease setting of inflammatory pathology, we compared the development of contact hypersensitivity (CHS) in wild-type and mDARCtg mice. We sensitized mice with 2% oxazolone and elicited CHS 1 week later by two applications of 0.2% oxazolone to the ear. We evaluated the CHS reaction by measuring ear thickness and weight, as well as by assessing the histological appearance of the lesions. The CHS lesions of mDARCtg mice were more severe than those of wild-type mice (Fig. 8) . The ears of mDARCtg mice were significantly thicker at each time point measured (Fig. 8a) . That difference was also reflected by significantly greater ear weights of mDARCtg mice at the termination of the experiment (Fig. 8b) and by the histomorphological appearance of the lesions (Fig. 8c) . The dermis of mDARCtg mice was thicker and contained more mononuclear cells, neutrophils and eosinophils. Also, the thickening of the epidermis was more prominent in mDARCtg mice, which reproducibly had many epidermal microabsesses (Fig. 8c) . Thus, overexpression of DARC on endothelial cells leads to enhanced leukocyte emigration into the skin lesions of CHS. These findings demonstrate that DARC on endothelial cells has a pro-emigratory function and establish DARC as an auxiliary molecule that supports optimal in vivo leukocyte responses to chemokines.
DISCUSSION DARC belongs to a family of silent heptahelical chemokine receptors that fail to transmit conventional G protein-mediated signals 17, 18 but can substantially influence chemokine activity in vivo. The silent receptor D6 scavenges chemokines 19, 20 , and its expression influences the severity of experimental inflammation 22, 23 and the efficiency of tumorigenesis 24 . A similar function in chemokine scavenging has been suggested for CCX-CKR 21 . In this study we have identified the opposite end of the spectrum of activities exerted by silent chemokine receptors. We have shown that in complex cell systems, DARC supported the promigratory function of chemokines. It is possible that silent chemokine receptors contain functional domains responsible for their alternative coupling with endocytotic or transcytotic pathways. This in turn would determine the fate of their cargo and ultimately the physiological function of an individual silent chemokine receptor. It has been shown that the serine cluster at the carboxyl terminus of D6 determines its constitutive phosphorylation, intracellular 'itinerary' and resistance to desensitization but not the internalization itself 30 . It is not known if DARC contains any specific domains responsible for its internalization, caveolar targeting and transcellular routing. Alternatively, it is also possible that the biochemical makeup of different cells, such as the relative preponderance of transcytotic versus endocytotic 'machineries' or momentarily manifest functional cell programs, determines the route and outcome of chemokine internalization by silent chemokine receptors.
It is important to emphasize that the chemokine-induced internalization of DARC represents a true receptor-mediated cellular response. The molecular effectors involved in this process are not yet apparent and may include b-arrestin, Rab GTPases and several kinases shown to be activated in G protein-coupled receptors independently of G proteins 31, 32 . The feature of ligand-triggered receptor internalization sets DARC apart from D6 yet again. The latter is also constitutively internalized in the absence of ligand occupancy 20, 28, 30 . However, ligation of D6 by chemokines augments its translocation from intracellular stores onto the cell surface 28 . Not only did chemokines induce DARC internalization but also their association with DARC was required for their transcytotic 'itinerary' . The noncognate chemokine CCL19 was neither internalized nor transported by DARC, not even when the transcytotic 'machinery' was triggered by a cognate chemokine.
A distinctive attribute of chemokine transcytosis by DARC was the retention of a substantial portion of the transported chemokine on the apical surface. In fact, the apical membrane-associated chemokine fraction accounted in large part for the difference in chemokine transport in DARC-versus mock-transfected cells. The surface retention of transported chemokines may explain why the direct contribution of DARC to chemokine transcytosis has not been reported before 11 . Analogous to our in vitro findings, the process of endothelial cell transcytosis in vivo results in immobilization of chemokines on the luminal membrane and its microvillus extensions in particular 4 . Our functional and morphological data collectively suggest that DARC may directly be involved in the retention of chemokines on apical and luminal surfaces. Moreover, we speculate that similar to the function now ascribed exclusively to endothelial GAGs 33 , DARC may present chemokines to their receptors on apposing leukocytes. It is noteworthy that we did not detect any contribution of GAGs to chemokine transport or their apical immobilization. CCL19 can bind GAGs 34 but did not associate with MDCK cells and was neither internalized nor transported. Also, treatment with optimal concentrations of heparinase I and III or chondroitinase ABC, or a 'cocktail' of these, failed to remove CCL2 immobilized on the apical surface (data not shown). Of course, these results do not challenge the overall importance of GAGs in chemokine immobilization 6 . It still remains to be established if DARC acts together with GAGs in chemokine transport and presentation or if alternative DARC-and GAG-mediated pathways accomplish these tasks.
DARC expression by the monolayers resulted in superior chemokine-induced leukocyte transmigration across them. This could simply have been an enhanced response to the surplus of chemokines transported by DARC. Furthermore, DARC targeted chemokines into caveolae and onto the apical microvilli, where they could guide the transcellular migration of leukocytes and aid in the adhesion of leukocytes to monolayers, respectively. The latter mechanism has been suggested by a study in which the use of a blocking antibody and silencing by small interfering RNA identified a function for DARC in leukocyte adhesion to endothelium 35 . Our in vitro findings showing that DARC sustained chemokine activity were further confirmed in vivo with mDARCtg mice 27 . These mice have been used before to investigate the involvement of DARC in chemokine-induced angiogenesis and tumor neovascularisation 27, 36 . In contrast to our findings on leukocyte recruitment, overexpression of DARC by endothelial cells results in a diminished angiogenic response 27, 36 . These apparently conflicting conclusions may be reconciled by the mechanism of DARC-mediated chemokine transcytosis described here. In fact, chemokines induce angiogenesis and leukocyte emigration by acting at two opposing surfaces of the endothelial cells. Angiogenic budding and sprouting of new vessels take place in response to chemokines present abluminally. Conversely, leukocyte emigration is initiated by chemokines associated with the luminal surface. By transporting chemokines in the abluminal-to-luminal direction, endothelial cell DARC may disrupt the proangiogenic extravascular chemokine patterns and establish luminal proemigratory ones. Accordingly, tumors in mDARCtg mice had fewer vessels but more leukocytes than did those in wild-type mice 36 . Alternatively, the suppressed angiogenesis in mDARCtg mice may involve the putative formation of heterodimers of DARC and CXCR2, with consequent silencing of the latter. Although no information exists about the formation of heterodimers by DARC and CXCR2, DARC and CCR5 have been shown to form heterodimers, resulting in the downregulation of CCR5-mediated responses 37 .
In addition to using mDARCtg mice, several investigators have used DARC-deficient mice to study the function of DARC in chemokinemediated pathophysiology. However, such mice lack DARC expression not only on endothelial cells but also on erythrocytes. The suggested many functions of erythroid DARC range from its being a sink 25 , scavenging plasma chemokines, to being their reservoir 38 , maintaining chemokine plasma concentrations 39 . Plasma chemokines themselves may have diverse leukocyte effects varying from the recruitment of leukocytes from the bone marrow 40, 41 to either their priming or their desensitization. Such activities, compounded by the effects of endothelial DARC, have resulted in contradictory reports of phenotypes for DARC-deficient mice 26, 42, 43 .
Many humans of West African ancestry lack erythroid DARC. This is due to a single-nucleotide mutation in the promoter region of the gene encoding DARC that disrupts the binding site for erythroid transcription factor GATA-1 (ref. 44 ). This explains why these 'DARC-negative' people still express DARC on venular endothelial cells 14 . The 'Duffy-negative' phenotype has allowed some clinical and epidemiological correlates to be made in terms of the contribution of DARC on erythrocytes to the pathogenesis of human diseases, including malaria 45 and infection with human immunodeficiency virus and AIDS 46 . DARC on erythrocytes has also been suggested to suppress tumor development 47 and dissemination 48 . In contrast, little is known about how DARC on endothelial cells contributes to human disease. The expression of DARC on venules varies among different organs and in tissue sites (unpublished observations). Upregulation of DARC in the venular endothelium and its appearance in segments of the circulatory tree normally devoid of it (arteries, capillaries and large veins) takes place during infection, inflammation and transplant rejection 16,49-52 . Previously, it was not apparent which bias upregulation of DARC may have. Our results suggest that it supports the activity of chemokines and thus contributes to disease pathogenesis.
In conclusion, here we have shown that DARC expressed in nucleated cells transported cognate chemokines and potentiated their promigratory activities on juxtaposed leukocytes. We suggest that DARC expressed on endothelial cells in vivo acts in a similar way. There, DARC internalizes and transports tissue-derived inflammatory chemokines onto the luminal endothelial cell surface. That leads to the establishment of functional proemigratory chemokine patterns accessible to the circulating leukocytes. Thus, DARC has an important role in supporting chemokine function that sets it apart from other silent chemokine receptors. We suggest that DARC on endothelial cells may represent a target for therapeutic interventions aimed at simultaneously blocking many inflammatory chemokines.
METHODS
Transfection and stable expression of DARC. MDCK cells were transfected with pcDNA3.1 neomycin vector encoding DARC or D6 or empty vector. Transfected cells were selected by resistance to the aminoglycoside G418. Over 95% of the transfected cells were positive for DARC or D6, as determined by flow cytometry. HUVECs transfected with DARC or empty vector were provided by J.S. Lee and J.S. Rhim.
Cell culture. Transfected MDCK cells were grown in complete Dulbecco's modified Eagle's medium (DMEM) with 10% (vol/vol) FCS, 2 mM L-glutamine, penicillin and streptomycin supplemented with G418 (500 mg/ml). Cells were passaged every 3-4 d when confluent. Transfected HUVECs were cultured in mammary epithelial basal medium with 20% (vol/vol) FCS, 2 mM L-glutamine, penicillin, streptomycin and endothelial cell growth supplement (20 mg/ml; Technoclone) supplemented with hygromycin (100 mg/ml).
Immunoelectron microscopy of ex vivo chemokine injection in normal human skin. After informed consent was provided, pieces of normal human skin were obtained from two healthy people undergoing elective reductive plastic surgery as approved by the Shropshire Research and Ethics Committee (UK). Within 1 h of removal, 12 pmol CXCL8 or saline was injected into multiple sites and skin was incubated for 2 h in a 'bath' of RPMI-1640 medium. The injection sites were excised, were fixed for 60 min in 2% (wt/vol) paraformaldehyde and 0.05% (wt/vol) glutaraldehyde in PBS and were processed for immunoelectron microscopy as described 4 . DARC was detected with mouse monoclonal antibody to DARC (anti-DARC; Fy6; CBC-173; a gift from M. Uchikawa) and CXCL8 was detected with rabbit polyclonal anti-CXCL8 (ref. 4 ; SDS 3E, Novartis Institutes for BioMedical Research). After repeated washes, sections were incubated for 90 min in goat anti-mouse immunoglobulin G (IgG) labeled with 15-nm gold particles and goat anti-rabbit IgG labeled with 5-nm gold particles (RPN 444 and RPN 424, respectively; Amersham). Grids were washed and gold conjugates were enhanced in a silver intensification solution (IntenSE; Amersham), followed by washing in ultrapure water. Sections were counterstained with uranyl acetate and lead citrate and were viewed with a Zeiss EM 10 transmission electron microscope at 80 kV. Control sections were incubated with purified mouse IgG and rabbit immunoglobulin instead of primary antibodies (X0931 and EKO9, respectively; Dako).
Cryoimmunoelectron microscopy of MDCK-DARC monolayers. Cells grown on collagen-coated Falcon Transwell filters (Becton-Dickinson) were fixed overnight at 4 1C in a buffer of 4% (wt/vol) paraformaldehyde and 0.1 M phosphate, pH 7.4. For redistribution and colocalization studies, 35 nM CCL2 (Peprotech) was added to the lower chamber of the Transwell. After 30 min or 2 h of incubation, cells were fixed as described above. After being washed with PBS, samples were cut into 1-mm 2 pieces and were embedded in gelatin. Gelatin blocks were infiltrated overnight at 4 1C with 2.3 M sucrose. Blocks were mounted on pins and were frozen in liquid nitrogen. Ultrathin cryosections of about 60 nm in thickness were cut at -120 1C on an Ultracut UCT ultramicrotome (Leica) and were transferred to Formvar carbon-coated copper grids (Gröpl). Sections were stained with monoclonal mouse anti-human DARC (Fy6; CBC-173), followed by rabbit anti-mouse (20259; Dako). Finally, sections were incubated for 20 min with protein A conjugated to 15-nm colloidal gold (provided by G. Posthuma). For colocalization studies, polyclonal rabbit anti-CCL2 (RDI-MCP1abrP; RDI) was also used, followed by protein A conjugated to 5-nm colloidal gold. Sections were 'contrasted' by methylcellulose containing 0.6% (wt/vol) uranyl acetate and were examined with an EM 10 transmission electron microscope. Cells stained with mouse IgG and rabbit immunoglobulin (X0931 and EKO9, respectively; Dako) served as controls.
Confocal microscopy of MDCK-DARC monolayers. Cells were grown on collagen-coated Falcon Transwell filters, until confluent, when 35 nM CCL2 (Peprotech) was added to the lower chamber. After 30 or 120 min of incubation, cells were fixed for 5 min in 4% (wt/vol) paraformaldehyde, were washed with PBS and were embedded in optimum cutting temperature compound (Sakura). Cryosections 7 mm in thickness were fixed for 5 min at 21 1C in 4% (wt/vol) paraformaldehyde. After being made permeable for 5 min in 0.5% (vol/vol) Triton X-100 in PBS, sections were incubated for 45 min with monoclonal mouse anti-human DARC. Mouse IgG2b (M-5534; Sigma Aldrich) served as a control. Sections were washed and then were incubated for 30 min with Alexa Fluor 488-conjugated donkey anti-mouse (A21202; Invitrogen). Finally, sections were mounted in Vectashield HardSet mounting medium (Vector Laboratories) and were analyzed with an LSM 5 Pascal confocal microscope (Carl Zeiss). The distribution of immunoreactivity on the apical and basal sides of the monolayers as well as intracellularly was quantified with analySIS software (Soft Imaging Systems). Two sections were prepared from each of the MDCK-DARC monolayers obtained in three independent experiments. Five adjacent completely visible cells per each section were measured separately and values were averaged.
Chemokine binding, transport and degradation and leukocyte migration in the Transwell system. For the preparation of monolayers, transfected MDCK cells and HUVECs were grown on collagen-coated Transwell inserts until they were confluent. For prevention of outgrowth below the filter, medium was added to the bottom plate only 1 d before the assays were done. To ensure that different wells had comparable monolayers, the electrical resistance of the monolayers was measured before all transcytosis and transmigration experiments. In some experiments, the 'tightness' of the monolayers was verified by the addition of the tracer inulin.
For chemokine transcytosis and degradation assays, 125 I-labeled CCL2, CXCL8 or CCL19 (0.025 pmol; specific radioactivity, approximately 2,000 Ci/mmol; Perkin Elmer) was added above or below the monolayer (in the top or bottom Transwell chamber), followed by incubation for 3 or 16 h at 37 1C. Then, supernatants were collected from the bottom and top compartments and cell surface-bound chemokine was removed by the addition of 10Â PBS for 3 min. This was followed by cell lysis with 0.4% (vol/vol) Triton-X100 to obtain the intracellular radioactivity. TCA precipitation was used to distinguish between the radioactivity associated with intact chemokine (TCA-precipitable fraction) and degraded chemokine (TCA-soluble fraction). The TCAprecipitable fraction was dissolved in 2 M NaOH and 0.05% (wt/vol) SDS. The radioactivity associated with all fractions was measured with a Cobra II gamma counter (Packard). As a control for the influence of the 'architecture' of the Transwell setup, in some experiments cells were grown on the bottom side of the filter and the assay was done as described above.
For gel autoradiography of CCL2 after its transport by MDCK-DARC cells, 125 I-labeled CCL2 was applied below MDCK-DARC monolayers grown on Transwell inserts. After 3 h of incubation, the intracellular and apical cell surface-bound TCA-precipitable fractions that could be precipitated by TCA were obtained as described above. Electrophoresis sample buffer (Santa Cruz) containing 0.1 mM EDTA and protease inhibitors (Roche Diagnostics) was added to the samples at a ratio of 1:1. After 30 min of incubation at 37 1C, proteins were separated by electrophoresis through a 16% (wt/vol) tricine gel (Invitrogen). Gels were fixed in a solution of 40% (vol/vol) methanol and 10% (vol/vol) aqueous acetic acid and were shaken for 1 h at 21 1C, then were dried in a gel dryer (Biorad). The 125 I-labeled CCL2 was visualized on Hyperfilm (Amersham) developed in an Agfa Curix 60 processor (Bender AG). Native 125 I-labeled CCL2 served as a control.
Monocyte migration assays. For these assays, blood was obtained from healthy human donors (who had provided informed consent) as approved by the phlebotomy guidelines of the Novartis Institutes for BioMedical Research. Mononuclear cells were separated by centrifugation on a Ficoll-Hypaque density gradient (Fresenius Kabi). In the next step, monocytes that were at least 95% pure were obtained by immunomagnetic depletion of lymphocytes with a Monocyte Isolation Kit II (Miltenyi Biotech). Transmigration assays were set up as follows. Either buffer alone or 35 nM CCL2 was added to the lower compartments of Transwell systems. After 1 h of equilibration, 5 Â 10 5 monocytes labeled with CFSE (carboxyfluorescein diacetate succinimidyl diester; Invitrogen) were added to each insert and were allowed to migrate across the monolayers for 4 h. Monocytes that had migrated were counted separately in the following compartments: in suspension in the bottom well; adherent to the bottom side of the filter; and adherent to the bottom plate (the last two groups were counted after being removed with 5 nM EDTA). In a separate set of experiments, the medium and the monocyte suspension above the filters were replaced three times after each hour of incubation. After 4 h, transmigrated monocytes were collected from the lower chamber. These PMFC conditions were used to mimic the 'sink effect' of blood through the removal of nonimmobilized chemokines. Because the number of input monocytes differed in standard and PMFC conditions, direct comparison of migration to CCL2 was possible only for MDCK-DARC versus MDCK-mock cells but not for standard versus PMFC conditions. However, the DARC-mediated increase in monocyte migration to CCL2 could be compared in standard versus PMFC conditions.
Contribution of DARC to leukocyte emigration in vivo. Wild-type mice and mDARCtg mice (expressing DARC under control of the promoter of the gene encoding preproendothelin 27 ) were housed in the specific pathogen-free animal facility of the Novartis Institutes for BioMedical Research, Vienna. All animal experimental protocols were approved by the Novartis Institutes for BioMedical Research and municipal animal welfare committees and experiments were done in accordance with the laws of Austria.
For analysis of neutrophil extravasation induced by intradermal injection of chemokine, mouse keratinocyte-derived chemokine (CXCL1; Peprotech) was injected intradermally into mDARCtg and wild-type mice at a dose of 350 pmol per site. Mice were killed 4 h later, then injection sites were excised and were frozen in liquid nitrogen. Samples were transferred into lysing matrix A tubes (MP Biomedicals), were homogenized with the FastPrep-24 sample preparation system (MP Biomedicals) and were sonicated for 20 s on ice. Supernatants were frozen overnight at -80 1C. The number of neutrophils in the tissue samples was determined by measurement of the neutrophil specific myeloperoxidase activity as described 4 . Samples were incubated for 10 min at 37 1C with 3,3¢,5,5¢-tetramethylbenzidine (Sigma Aldrich); reactions were stopped by the addition of 4 N sulfuric acid and optical density was measured at 450 nm with a Spectra Max 340pc (Molecular Devices).
For analysis of neutrophil extravasation induced by the intraperitoneal injection of chemokine, mouse CXCL1 was injected into peritoneal cavities of mDARCtg and wild-type mice at a dose of 350 pmol per site. Saline was used as control. Mice were killed after 4 h, peritoneal exudates were collected and the number of peritoneal neutrophils was determined on the basis of absolute and differential cell counts.
CHS reactions. CHS lesions were induced as described 53 . Mice were sensitized with 2% (wt/vol) oxazolone-acetone on the shaved abdomen on day 1. CHS was eliated by 0.02% (wt/vol) oxazolone-acetone was painted onto the inner side of the right ear on days 7 and 9. The left ear was challenged with acetone only and served as a control. CHS was assessed by measurement of ear swelling with a caliper and evaluation of the histological appearance of the lesions according to standard procedures.
Statistical analysis. Student's t-test (two-tailed, two-sample unequal variance) was used for all statistical analyses. Erratum: The Duffy antigen receptor for chemokines transports chemokines and supports their promigratory activity
